The experimental techniques and theoretical considerations developed in the previous parts have been utilized in obtaining data on the reactions of the type H + C"H2n = CnH 2n+1. The olefines used were ethylene, propylene, iso-butene, n-pentene-2 and 2, 3, 3, trimethyl-butene-1. Certain tentative suggestions as to the effect of structure on the reactivity of the double bond are put forward, but in general, the collision efficiency of a hydrogen atom with an olefine lies between 10-3 and 10~4.
T h e k i n e t i c s o f t h e i n t e r a c t i o n o f a t o m i c h y d r o g e n I n t r o d u c t i o n
In the previous parts, the apparatus has been described and the method of differ ential equations applied to the solution of the necessary diffusion theory. The colorimeter technique for the estimation of the rate of addition of hydrogen atoms to the oxide surface has been developed and the effect of alkyl radicals on the oxide blueness allowed for.
In this paper, some results obtained by this technique are given. These results, although limited in number, permit a certain tentative correlation of the data obtained. The olefines are discussed in the following order: ethylene, propylene, iso-butene, w-pentene-2 (cis), 2,3, 3, tri-methyl-butene-1; and observations peculiar to a specific olefine are included in the relevant sections.
E t h y l e n e
I t should be noted here th a t the technique involves carrying on a blueing run for 2-5 min. with hydrogen alone, then introducing a small pressure of olefine by opening the injector and flowing the mercury up and down several times. This ensures complete mixing of olefine and hydrogen. The run is then continued for a further 5-5 min., and the gas mixture pumped out completely. The appropriate pressure of hydrogen is then introduced and the blueing continued for a further 7 min. From the values obtained during the two 'hydrogen' periods, the value of the corrective constant k2 is obtained. All the observed values of photo-cell current are then corrected by the subtraction of Jc2 and the reciprocal of these values plotted against time. The ratio of the first two portions of the graph is then used to calculate directly the collision efficiency with the aid of the calculating machine already described in part III.
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The kinetics of the interaction of atomic hydrogen with olefines. IV Since at t -2-5 and t = 8 min., a physical manipulation of th occur th at the oxide surface becomes slightly altered as a result of the gas flow. This has the effect of shifting the next portion of the graph bodily either up or down, but does not alter the resulting slope. I t is not then surprising th at the curves are not necessarily continuous at the times mentioned above. The collision efficiency of the reaction X l + v_>2-^4 -^2^-5 was measured by carrying out the run a t two spacings, 1*25 and 2*5 mm., using tungsten oxide as a removing surface. Table 1 gives the data obtained in runs 335 and 336 for a spacing of 2-5 mm. C is the photocell current in j u ,A, Cc is the value correc reciprocal of the corrected value. The correction factor k2 is calculated by using the formula (22) derived in part III. The values substituted in the equation were those at = 0*5, t2 = 2-5, t3 = 9-0 and £4 = 15-0 min.
The value of k2 for run 335 is 4-4, and for run 336 the value is 4-3. These two runs are plotted in figure 1. For clarity, run 335 is displaced 0-01 unit upwards. For run 335, the slope of the first part is taken between t -0*5 and t = 2-5 min. and is The slope for the second part is taken between t = 3*0 and t -8-0 min. The value of the slope is (0-177-0-139)/5 = 0-0076.
The ratio of these two slopes is 0-53. In a similar manner, the ratio of the two slopes in run 336 is 0-56. This gives an average slope of 0-545. Table 2 gives the data obtained for runs 337 and 338 carried out at a spacing of 1-25 mm. using again tungsten oxide as a removing surface. From the data in this table, for run 337 the value of k2 is 7-0 and for run 338, the value of k2 is 6-1. The plots of the corrected curves are given in figure 2. In this figure, run 337 is displaced 0-01 upwards. The ratios of the two slopes in the two runs are respectively 0-76 and 0*72, giving an average ratio of 0-74.
Thus for a spacing of 2-5 mm., the ratio is 0-54 and for a spacing of 1-25 mm., the ratio is 0-74.
The kinetics of the interaction of atomic hydrogen with olefines. IV By setting these two values on the calculator and sliding the scale until the same value of b is obtained on both scales when read against their respective cursors, the value of b is found to be 12 and the corresponding value for kR is 0-38.
Since, by definition, 6 = fe/D)*, g = 14iZ>.
( 1) D is obtained as shown in p art I I of this series and is calculated to be 1*14 x 104 cm.2/sec., hence y = l-6 5 x l0 4.
Further, by definition, g -kn (2) where k i s the velocity constant and n the number of olefine molecules per ml. In 1 ml. of gas a t a pressure of 1 mm. there are 3*6 x 1016 molecules. Then substituting in equation (2) k _ ^ x 101/(0.5 x 3.6 x 10i6) = 9-1 x 10_13ml.mol._1sec.-1.
The colhsion efficiency is obtained by dividing the velocity constant, k, by the collision number. The collision number is given by
where <r is the collision diameter of the two species involved, is the gas constant, T the absolute temperature, the mass of the hydrogen atom and Mx the mass of the olefine molecule. The values of Z for the various olefines used is given in table 3. 
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Hence, for ethylene, collision efficiency = 9*1 x 10~13/1-1 x 10-9 = 8*3 x 10"4. Referring to part II, figure 4, it is seen that if a path-distance of 4 mm. is em ployed, virtually all the hydrogen atoms would be removed before reaching the oxide layer. Certainly, at the most, only a fraction of about 0-05 could get to the layer. This would mean that 0-95 of the active centres removed would be ethyl radicals, assuming that no radical recombination occurred in the gas-phase. Then the blueing rate in presence of ethylene would be 0*95 x kR + 0-05, referred to the hydrogen rate as unity. Since the radical blueing coefficient has been shown to be 0-38, this gives a relative rate of 0*41. Thus, the ratio of the two parts of the run done at this spacing should lie between 0*41 and 0-38. In table 4 are given the data obtained from run 321, at a spacing of 4 mm. The corrective factor is found to be 2-6. The plot of the corrected curve is shown in figure 3 . The ratio of the two slopes is obtained from the values at 0, = 2-5, t -2-5 and t = 7*0 min. The slope of the first part is given by (0113 -0-081)/2-5 = 0-0128, and the slope of the second part is given by (0*135 -0*113)/4*5 = 0*0049.
The ratio of these two slopes is then 0*38. This is good evidence for the fact th a t there is no recombination taking place and all the radicals formed are being removed on the oxide surface.
P r o p y l e n e
Before the technique of measuring the blueing rate of molybdenum oxide was developed as a measure of the rate of addition of hydrogen atoms to the surface, the problem of measuring the ratio of the number of atoms reaching the layer to the total number produced was tackled by measuring the number of double bonds removed in the gas phase by the technique already described involving the hydro genation of a sample in the micro-hydrogenation gauge. This method could not be considered satisfactory since it involved removal of a finite amount of olefine and consequent uncertainty as to the correct concentration of olefine to be applied to the calculation. These results can be regarded only as giving the approximate order of magnitude of the collision efficiency.
The reaction vessel which was used was constructed from a filter funnel with a top plate of silica waxed in position and a glass plate fitted inside, 2 mm. from the top. The experiment was in the nature of an exploratory one to ascertain whether a short-path technique could be adopted or not.
The rate of production of atomic hydrogen was obtained by conducting a blank run with hydrogen. All the hydrogen atoms produced were removed on the molyb denum oxide surface and hence the drop in pressure of the hydrogen gave a measure of the rate of dissociation of the molecule hydrogen. For this determination, the reaction was opened to the manometer system. The ratio of the reaction vessel to the total volume of the reaction vessel and manometer was 1/1*9. The result obtained is shown in figure 4 . From the slope, the average rate of removal of hydrogen is 0*2 mm./min. Now, if the available volume had been the reaction vessel alone, the rate of removal would have been 0*2 x 1*9 mm./min. = 0*38mm./min.
The results obtained by carrying out runs with propylene are given in table 5. This table requires a few words of explanation. Column 2 gives the average pressure of propylene during the run. Column 3 gives the average pressure of hydrogen during the run. Column 5 gives the amount of propylene removed from the system as determined by unsaturate analysis before and after the run in the micro-hydro genation gauge. Column 7 gives the amount of molecular hydrogen required to remove the propylene. Since the reaction is M + C3xi6 = 0 3H 7, followed by removal of the radicals, the pressure of molecular hydrogen required to remove the propylene is half the pressure of propylene removed.
time (min.)
F igure 4. Removal of hydrogen atoms on molybdenum trioxide.
By subtracting column 7 from column 6, the amount of molecular hydrogen re moved on the oxide layer to the total amount dissociated. This is the required ratio for determining the value of b from the curve given in part II, figure 4, for a spacing of 2 mm. The results obtained for this experiment are given in table 6. In this table, column 3 gives the value of b. Since by definition, b = ( )*, g can be determined, knowing the value of D, tabulated in column 4. Further, since as already defined, k can be evaluated and is recorded in column 6. k is given in the units ml.mol._1sec._1. Dividing k by the collision number for H-C3H6, the collision efficiency can be obtained. In view of the limitations already discussed, these results can be expected only to give an approximate value for the collision effi ciency of the reaction. The blueing technique has been applied to the determination of the collision efficiency of the reaction.
H + C H -C H
The corrected experimental curve for a separation of 2*5 mm. is shown in figure 5 . Run 340 has been shifted upwards by 0*02 unit for clarity. The ratio of the slopes is O'71 in both runs. For a spacing of 1*25 mm. the corrected curves shown in figure 6 were obtained. Run 342 is shifted 0-02 unit upwards. The ratio for run 341 is 0-88 and for run 342 is 0-90. This gives an average of 0-89. Setting the values obtained for these two separations on the calculator, the value obtained for 6 is 6*0 and for kR) 0*34.
The value of Di s 1-1 x 102 cm.2/sec., therefore, g -62.
1c = 3*96 x 103/0*5 x 3*56 x 1016 = 2'2 x lO^m l.m ol.^sec.-1.
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Collision efficiency is then given by 2-2 x 10-13/ 1 -6 x 10-9 = 1*4 x 10~4.
Some criticism has been levelled by Bamford (1947) at the technique developed here. The suggestion put forward is that the observed decrease in blueing rate in presence of olefine is due to a reaction, Hg + C3H 7 = C3H 7.Hg, which lowers the mercury concentration in the gas-phase and so decreases the rate of production of hydrogen atoms. However, the fact that the collision efficiency of this reaction has been determined by two distinct methods as described above with agreement as close as can reasonably be expected, indicates that any occurrence of the above reaction removing mercury atoms does not significantly affect the results.
150-BUTENE
The reaction of hydrogen atoms with iso-butene has been investigated by the blueing technique in the same way. The runs obtained at a spacing of 2-5 mm. are given in figure 7 . The value of the ratio of the two slopes for curve 311 is 1*52 and for run 316 is 1-44. This gives an average slope of 1-48.
For a spacing of 1-25 mm. the data obtained from runs 314 and 315 enable the corrected curves shown in figure 8 to be obtained. Run 315 has been shifted 0-01 unit downwards for clarity. For run 314, the ratio of the slopes is 1-23 and for run 315 the ratio is 1*31. Setting these values on the calculator, the value of 6 is 12 and kR is 1-6. This gives a value for g of 1*25 x 104.
From this
k -0-7 x 10_12c.c.mol._1sec._1, and the collision efficiency is 0-7 x 10~12/1*5 x 10-9 = 4-7 x 10-4.
-o The results for a spacing of 2-5 mm. are given in figure 9. For run 343 the value of the ratio of the slopes is 0*83 and for run 344, the ratio is 0-78. This gives an average slope of 0-805.
For a spacing of 1-25 mm. runs 346 and 347 were obtained as shown in figure 10 . For run 346, the ratio of the slopes is 0-90 and for run 347, the ratio is 0-89. This gives an average of 0-895.
From the calculator, the value of 6 is 11 and the value of kR is 0-72. The diffusion coefficient D is 0-85 x 102. This gives a value for g of 1-03 x 104 and hence k -5-8 x 10-13ml.mol.-1sec.~1.
The collision efficiency is then 5-8 x 10-13/2-l x 10-9 = 2-8 x 10~4.
2, 3, 3, TRI-METHYL-BUTENE-1
This olefine proved to be most interesting since the radical produced had precisely the same blueing effect as had a hydrogen atom on tungsten oxide. R un 350 is typical of the behaviour with tungsten oxide, a t a spacing of 2-5 mm. This run is shown in figure 11 . I t is readily appreciated th a t there is no change in the slope of the lines in the two parts of the graph. The removing agent was changed to molybdenum oxide to investigate whether or not the effect would remain the same. I t was observed th a t with molybdenum oxide, the blueing effect did in fact alter.
The runs for a spacing of 2-5 mm. are given in figure 12 . For run 351, the ratio of the slopes is 1*18 and for run 352, the ratio is 115. This gives an average of 1-165.
For a separation of 1-25 mm. the data obtained are plotted in figure 13 . For run 353, the ratio of the slopes is 1-14 and for run 355, the ratio is 1*11. The average ratio is then 1-125.
The kinetics of the interaction of atomic hydrogen with olefines. IV By setting these values on the calculator, the value of b is difficult to ascertain. The closeness of the ratios, determined by the very similar effect of the radical and a hydrogen atom in blueing the surface precludes accurate determination of the value of b. Further, the low ratios are very sensitive to even slight adjustment of the slopes of the fines on the graph. It is judged, however, that the value of b lies between 10 and 20 and kR has a value of about 1-2. This means that 100 and 400. 
Summary of results
In table 7 are collected the data obtained for the various olefines. In this table, the velocity constant k and the collision efficiency of the reactions are listed. In addition, the blueing constant for the radial relative to a hydrogen atom is given on the surface of tungsten oxide. The velocity constant is expressed in ml.mol.-1sec.-1. All these observations were made a t room temperature, between 14 and 18° C.
In the determination of the collision efficiency, the molecular diameter is involved. This does not seem to be very satisfactory since perhaps in the case of complex molecules, a more intimate part of the molecule is involved and the collision diameter should perhaps be a function of the close surroundings of the double bond. The errors involved will not be significant in dealing with the smaller molecules, but could become appreciable when larger molecules are concerned.
It is difficult to attem pt generalizations on the data given above, but it may be tentatively suggested that the collision efficiency increases with the number of alkyl groups replacing the hydrogen atoms of ethylene. Ethylene does not fit into this scheme, but since it is not subject to the presence of bulky alkyl groups, this is perhaps not suprising. Propylene, with substitution of only one hydrogen atom is the least reactive, w-pentene-2, with replacement of two of the symmetrically dis posed hydrogen atoms is next in order of reactivity, while iso-butene and 2,3, 3, tri methyl-butene-1 with replacement of two unsymmetrical hydrogen atoms are next in order. Since there is little difference between the activities of the two latter olefines, it might be that the bulk size of the substituent, in the former an iso-butyl group and in the latter, a methyl group, has little effect on the reactivity, the mere presence of a group being sufficient to determine the reactivity.
These observations are merely speculative, but when many more data are accumulated, a true correlation of the effect of substitution on the reactivity of the olefinic bond may be obtained.
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